The Cascadia Margin is a region of active accretionary tectonics characterized by high methane flux accompanied by the formation of sedimentary gas hydrates, carbonate nodules, and carbonate pavements. Several sediment cores have been obtained from this region by the Ocean Drilling Project (ODP), and in some cases the boreholes have been sealed off, serving as sites for long-term observatories. We characterized geochemical parameters and diversity of Archaea in one such ''legacy'' borehole, ODP site 892b, as well as in bottom water immediately above the borehole and in two nearby sediments. The methane concentrations in the samples varied over five orders of magnitude, from %25 to 35 nM in the bottom water to %1.4 mM in one of the sediment samples. Despite these differences, the Archaeal community in all samples was dominated by gene sequences related to the methanogenic Archaea, a finding that correlates with studies of other environments characterized by high methane flux. The archaeal phylotype richness in borehole ODP 892b was limited to two phylotypes; one specifically related to Methanosaeta spp., the other to the anaerobic methane oxidizing ANME-1 group. Although some similar groups were observed in nearby sediment and seawater samples, their archaeal phylotype richness was significantly higher than in the borehole. The possible presence of a dynamic microbial community in the Cascadia Margin sub-surface and its potential roles in methanogenesis, anaerobic oxidation of methane, and authigenic precipitation of carbonate in the Cascadia Margin are discussed.
Introduction
Regions characterized by active venting of methanerich pore fluids, such as cold hydrocarbon seeps and accretionary prisms, are of significant geological, chemical, and biological interest (for recent reviews of the topic, see [1] and other papers in that journal issue). One major result of active methane venting at these sites is formation of gas hydrates within the sediments. Gas hydrates are ice-like minerals that crystallize under conditions of high pressure, low temperature, and high gas concentration [2] . They are composed of hydrocarbon and non-hydrocarbon gases held in cages of water molecules. Marine gas hydrates, primarily composed of methane, are thought to comprise the largest reservoir of concentrated hydrocarbons on Earth [3] . There is significant interest in gas hydrates as a future energy resource, as a positive feedback mechanism for global warming, and as an agent of catastrophic sediment failure [4] . Release of methane from gas hydrates is associated with transient greenhouse warming at the Paleocene/ Eocene transition [5] [6] [7] [8] and in a Jurassic oceanic anoxic event [9] .
In addition to gas hydrate formation, these sites often host communities of Vesicomya clams (formerly Calyptogena; [10] , Lamellibrachia tubeworms, and Beggiatoa microbial mats [11, 12] ). Methane oxidation under anaerobic conditions, which is often coincident with the presence of gas hydrates, also leads to widespread precipitation along the sea floor of authigenic carbonate that is depleted in 13 C [13] [14] [15] [16] [17] [18] . Microbial communities physically associate with intact gas hydrates [19] and anaerobically consume hydrocarbons, including methane, from within the gas hydrate structure [20, 21] . Anaerobic oxidation of methane (AOM) in ocean margin sediments may be the primary methane sink in the world ocean [22] . Hoehler and colleagues proposed a chemical model for AOM involving a syntrophic consortium of methanogenic Archaea (MA) and sulfate reducing bacteria (SRB) [23] . This model has received support from several studies [20, [24] [25] [26] , and microbial assemblages are found in sediments in which anaerobic methane consumption was evident (summarized in [1] ). Two groups associated with the methanogenic Archaea, ANME-1 and ANME-2, are especially implicated in these processes [12, 24, [27] [28] [29] . No organism or group of organisms has ever been isolated that is capable of net anaerobic oxidation of methane (reviewed in [30] ). Significant progress has been made in determining the mechanism of AOM with the recent reports of enrichment cultures which maintain AOM activity [31, 32] , the genomic characterization of a mixed community that anaerobic oxidized methane [26] , and characterization of a nickel containing protein related to methyl-coenzymeM reductase from AOM mats in the Black Sea [33] ; nevertheless, the full pathway is still unsolved.
Ocean Drilling Program boreholes provide a unique platform for exploring the sub-surface biosphere. For example, Cowen and colleagues [34] used an over-pressurized borehole connected to ocean basin crust fluids to compare the microbial phylotypes present with the prevailing fluid physical and chemical characteristics.
Here we report the results of a culture-independent survey of the archaeal diversity in a ''legacy'' ODP borehole in the Cascadia Margin, an area of active methane flux. We compare our results to those of a previous study of the same borehole [35] and show that the archaeal community is highly dynamic.
Materials and methods

Geologic setting
The Cascadia margin is a well-described convergent margin characterized by massive authigenic carbonate pavements and nodules and sediments containing methane hydrates [13] [14] [15] [16] [17] [18] 36] . It is located along the convergence of the Juan de Fuca and North American plates off the coast of Oregon and Washington (Fig. 1) . Several sediment cores have been obtained from this region by the Ocean Drilling Project (ODP). In some cases, boreholes have been sealed off with a CORK (Circulation Obviation Retrofit Kit) to serve as long-term observatories [37] .
One such ''legacy'' borehole, ODP site 892b (ODP 892b; 44°40.440 0 N125°7.140 0 E), is situated off the central Oregon coast along the Cascadia margin on the western flank of Hydrate Ridge at a water depth of 675 m [38] . Because of accretionary tectonics, the sediments around ODP 892B are characterized by active methane-rich pore fluid venting along fracture zones. Site 892 was drilled to intersect the fluid-active fault that feeds the carbonate chemoherm. Based upon 14 C dating of clam shells from the vicinity of ODP 892B, active methane venting has been occurring for at least 34,000 years [39] . In general, the upper 20 m of sediments have high rates of sulfate reduction and elevated hydrogen sulfide levels (>19,000 ppmv), as well as disseminated CH 4 -H 2 S hydrate [38, 40] . The venting fluids are highly enriched in methane, sulfide, ammonium, and other reduced compounds [41, 42] .
Sample recovery
At each site, separate, parallel samples were collected for chemical and microbiological analyses. Samples were obtained from the ODP 892b borehole in June 1999 during a cruise on the RV Atlantis. The manned submersible Alvin was used to attach a Tedlar bag via a quick-on connector with a check valve and %2 m of clean polypropylene tubing to a valve on the CORK at ODP 892b [43] . The valve was opened, and positive pressure from within the borehole forced fluid flow into the bag; therefore, the water entering the bag originated at the top of the borehole and should be indicative of surface sediment porewater. In %30 min, 2.4 L of borehole water was recovered. The bag was immediately placed on ice upon recovery. Water samples from 660 m depth (several meters above the borehole) were obtained with 5 L Niskin bottles on a CTD rosette. For microbiological analyses, the water was immediately transferred to an acid-cleaned, sterile 20 L carboy upon recovery. Once on deck, bottom water and borehole water was immediately sampled for oxygen, methane (concentrations and isotopes), and major and minor component concentration analyses.
Sediment samples (20 cm depth) were obtained from two locations within the southern region of Hydrate Ridge. Dive IV, site 4 location (IV.4; 44°39.978 0 N-125°7.098 0 E) was characterized by a microbial mat at the sediment surface and dive V, site 8 location (V.8; 44°40.134 0 N125°3.09 0 E) was within the crater of a pockmark. Sub-core samples from 4, 6, and 10 cm depth (site V.8) or 2, 8, and 18 cm depth (site IV.4) were recovered from push-cores obtained by the manned submersible Alvin.
Chemistry data
A detailed description of sampling methods and analysis for chemical parameters with these samples has been published previously [42] . Chemical analyses were performed on the 10 cm sub-core (site V.8) or mixed sediments from 18 to 24 cm depth (IV.4).
Isolation and manipulation of DNA
Borehole fluid and bottom water samples were filtered through 0.2 lm pore-size Supor filters (Pall, Ann Arbor, Mich.) within 2 h of retrieval. The filters were frozen in the presence of lysis buffer (20 mM Na-EDTA, 400 mM NaCl, 0.75 M sucrose, 50 mM Tris-HCl pH 9.0) and stored at À80°C. Total nucleic acids were extracted from the filters and purified as described elsewhere [44] .
Total DNA was isolated from %5 g of sediment according to the methods of Zhou et al. [45] . All samples for DNA extraction were taken %20 cm below the sediment surface from the centers of the push-cores using sterile syringes. DNA extracted from sediments was further purified using Elutip-D columns according to the manufacturerÕs recommendations (Schleicher and Schuell, Keene, New Hampshire).
PCR, cloning, and RFLP analysis
DNA from water samples and sediment samples were analyzed in different labs (Nealson for water, Bartlett for sediments) and were therefore treated differently. For water samples, Archaeal SSU rRNA genes were PCR-amplified with primers A20F [46] and A958R [47] . PCR conditions were: 1 min at 95°C denaturation, 2 min at 55°C annealing, and 3 min at 72°C elongation for 35 cycles. After a final 10-min incubation at 72°C, the appropriately sized PCR product was purified with a gel extraction kit (Qiagen, Chatsworth, Calif.). Amplification products were cloned into the pCR2.1 vector by TA cloning (Invitrogen) and the clones were grouped into operational taxonomic units (OTU) based on restriction fragment length polymorphisms (RFLP) with HhaI (Promega) as described previously [19] . Representative members of each OTU were randomly chosen for full, bi-directional sequencing. In RFLP groups with five or more members, at least two representatives were sequenced to confirm the uniformity of the OTU.
In sediment samples, Archaea domain-specific primers [47] were used in PCR. PCR conditions were as follows: 1 min at 92°C denaturation, 1 min at 48°C annealing, 1 min at 72°C extension, for 25 cycles. Amplification products were cloned into the pCR2.1-TOPO vector (Invitrogen). Primer sets were used to reamplify rDNA inserts from individual clones to generate template DNA for RFLP analysis using HaeIII, MspI and HhaI (Promega). Plasmid DNA was isolated from single representatives of each OTU using the QIAprep plasmid purification kit (Qiagen). Replicate clones were not analyzed further.
Clones were named based upon their isolation source and their sequential position in the clone library. Clones obtained from borehole samples are labeled ''Bore''; those from the high methane sediment are labeled ''IV.4''; those from the low methane sediment are labeled ''V.8''; and those from the bottom water are labeled ''660m''.
Sequence analysis
Water sample clones were bidirectionally sequenced with standard chemistry on either an ABI 3700 (Applied Biosystems, Inc., Foster City, Calif.) or a Licor 4200 (Licor, Inc., Lincoln, Nebraska) automated DNA sequencer. Approximately 950 bp. of double-stranded sequence information was obtained per clone.
Sediment sample clones were bidirectionally sequenced using M13 reverse, T7 and insert specific oligonucleotide primers for thermal cycle sequencing with BigDye Terminator Ready Reaction mix (Applied Biosystems). All sequencing was performed on an Applied Biosystems 373A DNA sequencer. Approximately 950 bp of double-stranded sequence information was obtained per clone. Two chimeric sequences were detected by the program Chimera_Checkv. 2.7 available from the Ribosomal Database Project [48] , and were excluded from further analysis. Sequences generated for this manuscript were deposited with GenBank under accession numbers AY367305-AY367349.
Results
Chemistry
Borehole alkalinity was 4.59 lM, considerably higher than the bottom water value of 2.7 lM (Table 1) . Ca and Mg concentrations were similar to the bottom water values, indicating no carbonate precipitation within the borehole (data not shown; [42] ). The borehole fluid was methane saturated, with methane concentrations of 11.0 mM. The borehole enrichment in 13 CH 4 indicates some biological methane oxidation [42] . Sulfate concentrations in the borehole were 1.9 mM lower than in the bottom water [42] . The sulfide produced via sulfate reduction was not detected in the borehole water, but was likely trapped in CH 4 -H 2 S hydrates [40] .
In the sediments, the highest ambient pressure equilibrated methane concentration (%1.4 mM) was observed in sediment pore waters beneath a microbial mat (Table  1) . At in situ conditions, the pore water must have been saturated or even supersaturated with methane. The high methane concentrations in this sample may be due to either localized methane production or more likely to the microbial mat preventing methane seepage. Elevated pH and alkalinity were also observed in this sample relative to the seawater and borehole samples, perhaps indicating an important role for microbial mat-covered sediments in authigenic carbonate precipitation.
Overall archaeal diversity
The archaeal diversity in the borehole was extremely low compared to three other samples chosen to represent potential sources of microbes into the borehole fluid: nearby high methane-concentration sediments (IV.4), nearby low methane concentration sediments (V.8), and particles concentrated from bottom water collected immediately above the borehole (660 m) ( Table  1) . Only Euryarchaeota and Crenarchaeota were found in any Cascadia Margin samples; no other Archaeal groups were observed.
Despite differences in methane concentration, site location, and sample type, all samples showed strong signs that methane had influenced the composition of the archaeal community. For example, most of the Euryarchaeota, which represent 90% of the clones obtained (Table 2) , were related to the methanogenic Archaea (MA) clusters ANME-1 or ANME-2, or were closely related to Methanosaeta spp. (Fig. 2) . Dominance of these phylogenetic clusters in clone libraries has been observed in other environments with high methane flux and may be affiliated with anaerobic oxidation of methane [19, 24, 28, 50] .
ODP892B borehole archaeal diversity
The borehole sample (bore), consisting of pore water fluids from the surrounding sediments as well as fluids migrating from depth due to accretionary tectonics in the region, had extremely low phylotype richness. Only two phylotypes were observed in particles from the borehole fluid. The dominant phylotype, comprising 88 of 94 clones, was specifically and closely related to Methanosaeta spp. (Fig. 2 ; Table 2 ). The nearest relative of this group of clones (AT425 ArD7) is an environmental gene sequence obtained from particles collected from fluid remaining after decomposition of a massive gas hydrate from the Gulf of Mexico [19] . The second phylotype, comprising 6 of 94 clones, was specifically and closely related to the ANME-1 group. This group has only been found in anaerobic oxidation of methane zones (hence the name of the group) and is likely to be important for anaerobic oxidation of methane in at least some systems [12, [26] [27] [28] .
Archaeal diversity of bottom seawater
The bottom water sample from immediately above the borehole (660 m) showed higher phylotype richness (7 phylotypes) than the borehole itself, likely reflecting a mixture of seawater and pore water/deep fluids. This clone library was dominated by Euryarchaeota (84 of 95 clones). Two different sub-clusters of 660m clones, together comprising 64 of 95 clones, were related to Methanosaeta spp. (Fig. 2; Table 2 ). Another eleven 660m clones were closely related to Methanosarcina barkeri, a member of the MA order Methanosarcinales ( Fig. 2; Table 2 ). Eight of the 660m clones were specifically related to DNA sequences obtained from a hydrocarbon-contaminated aquifer [51] and from metal-rich sediments in a freshwater reservoir [52] (Fig.  2; Table 2 ). Fig. 2 . Phylogenetic analysis of Euryarchaeota-related gene sequences from the Cascadia margin samples. This phylogenetic tree was rooted with Escherichia coli (GenBank #J01695) and constructed by the neighbor joining method with the Kimura 2-parameter model for nucleotide change [49] . A mask of 667 nucleotides, including all non-ambiguously aligned positions, spanning approximately 950 bp at the 5 0 end of the SSU rRNA gene, was included. Bootstrap values (100 replications) generated by the neighbor joining method are shown above relevant nodes, and those generated by maximum-parsimony analysis are shown below. Bootstrap values above 70 are shown. Sequences from sediment samples are labeled either V.8 (low methane) or IV.4 (high methane), and water samples are labeled either 660 m (bottom water) or Bore (borehole). Sequences that are indistinguishable (>99% similarity) from the same sample are shown parenthetically next to the representative sequence. Sequences from isolates are in italics, sequences from environmental gene clones are in plain text, and sequences from this study are in bold. GenBank accession numbers of the sequences from other studies are included. References for the cluster designations are as follows: ''ANME-1'' [24] , ''ANME-2'' [50] , ''saltmarsh'' [56] , and ''aquifer'' [51] .
The remaining eleven 660m clones were Crenarchaea, related to the ''SCA clone'' group (obtained from soil; [53] ) or the marine group I Crenarchaeota (found globally in seawater; [47, 54] ) (Table 2; Fig. 3 ). The marine group I Crenarchaeota and the ''SCA clone'' group were not observed in any of the other samples, and we therefore conclude that they originated from the overlying seawater.
Archaeal diversity of high methane sediment
The high methane sediment (IV.4), which was overlain by a microbial mat, had archaeal phylotype richness References for the cluster designations are as follows: ''lake/paleosol'' [58, 59] , ''marine benthic group B [57] , ''SCA clone'' [53] , ''marine group I'' [47] , and DHVE4 [63] .
Methanosarcinales ( Fig. 2 ; Table 2 ). Thirteen of these clones fell within the sub-groups ANME-2a or ANME-2c, which have only been found in high methane flux environments and which have been demonstrated to syntrophically oxidize methane at the expense of sulfate [12, 24, 26, 27, 55] . The remaining Methanosarcinales IV.4 clones fell within a cluster of previously cultivated MA including Methanolobus tindarius and others (Table 2 ; Fig. 2 ). Archaeal clones from other AOM dominated sites are also observed within this cluster (Fig. 2 ). Another cluster of Euryarchaeal gene clones (represented by IV.4.ArA9) highly represented in the high methane sediment clone library were related to gene sequences originally found in a saltmarsh [56] and more recently observed in an AOM environment [24] and in association with massive gas hydrates [19] (Table 2 ; Fig. 2) . No members of this group are cultivated. The final Euryarchaeal IV.4 clone was related to sequences obtained from a hydrocarbon-contaminated aquifer [51] and metal-rich particles from a freshwater reservoir [52] .
The Crenarchaea in the IV.4 sample were dominated (10 of 13 Crenarchaea) by two sub-clusters within the marine benthic group B (Table 2 ; Fig. 3 ), a group with global distribution and originally described in a nonmethane dominated system [57] . The remaining IV.4 clones clustered with sequences obtained from diverse sources, including a boreal forest lake [58] , a deep subsurface paleosol [59] , and a cold seep in the Japan Trench [60] (Lake/Paleosol group; Fig. 3) . Therefore, the Crenarchaea in this sample are likely indicative of the marine sedimentary environment and are not directly related to the high methane flux of the Cascadia Margin.
Archaeal diversity of low methane sediment
The low methane sediment (V.8) was obtained from a pockmark near the borehole that may have been the result of a past massive methane release [61] . The V.8 sample had the highest archaeal phylotype richness of all samples examined (10 phylotypes); however, it was still dominated by Euryarchaeota (62 of 74 clones; Table 2). In contrast to the other three samples, only a few V.8 clones fell within the Methanosarcinales; six of these sequences were related to previously cultured MA and one was related to the ANME-2a group described above. The largest group of V.8 clones (41 of 74 clones) fell within the ANME-1 cluster (Table 2 ; Fig. 2 ), a group which has been implicated in anaerobic oxidation of methane in several systems [24, 26, 28, 29, 50, 55] . Another nine V.8 clones clustered in groups with IV.4 clones described in the high methane sediment section above: three V.8 clones affiliated with the saltmarsh cluster and six V.8 clones affiliated with the hydrocarbon-contaminated aquifer cluster (Table 2 ; Fig. 2 ).
Two rarely obtained V.8 clones (one representative each) were deeply branching members of the Euryarchaeota. One V.8 clone (V.8.ArB13) clustered only with clones (designated ''unaffiliated euryarchaeotal group'') obtained from hydrothermal sediments in the Guyamas Basin (Fig. 2) [62] . The second clone (V.8.d5) was specifically affiliated with a deep branching group of the Euryarchaeota obtained from a deep sea hydrothermal vent, the DHVE4 (deep-sea hydrothermal vent euryarchaeota) group (Fig. 3) [63] .
All Crenarchaea in the low methane sample (12 of 74 clones) fell within the marine benthic group B [57] (Table 2; Fig. 3 ).
Discussion
Low diversity in ODP legacy borehole 892B
There was extraordinarily low archaeal phylotype richness in fluids from ODP borehole 892B: only two major archaeal phylotypes were observed (Table 2 ; Fig. 2 ). The dominance of methanogen-related Euryarchaeota was surprising, as previous 16S ribosomal DNA analyses of microbial communities present in Hydrate Ridge shallow sediments and also within the ODP 892B borehole indicated the presence of Marine Group I Crenarchaeota exclusively [35] . Therefore, it is likely that the limited diversity observed in this study was transient.
Since clones affiliated with Methanosaeta dominated the borehole clone library, their absence in either sediment sample (Table 2 ; Fig. 2 ) indicate that surface sediments were not major contributors to the microbial community observed in the borehole. The bottom seawater sample contained many of the same phylotypes observed in the borehole sample; however, these sequences are likely not indigenous to the seawater but rather originate from fluid flux from the sediments. There is strong fluid flux out of the sediments in this region due to accretionary tectonics [16] and the increased archaeal phylotype richness in the seawater sample relative to the borehole sample implies that the 660m sample is the result of mixing seawater with sub-surface fluids.
Significance of observed phylogenetic groups
Several archaeal phylotypes are major components of 16S rRNA gene clone libraries from methane-dominated environments, such as gas hydrate zones and regions with observed anaerobic oxidation of methane activity. These groups include Methanosaeta spp. [19] , the ANME-2 sub-clusters of the Methanosarcinales [12, 24, 50] , and ANME-1 [24, 28] . In fact, ANME-1 and ANME-2 are clusters of environmental clones that have only been observed in regions of high methane flux and/ or in AOM zones. The borehole clones were related to two of these phylotypes: Methanosaeta spp. and ANME-1. Additionally, the dominant member of the clone library from the low methane sediment (V.8) clustered with the ANME-1 group, and another well-represented group of clones in the high methane sediment (IV.4) clustered with ANME-2 ( Table 2 ; Fig. 2 ). The presence of these phylotypes may be an indicator that anaerobic oxidation of methane is occurring in these environments. Such activity is supported by data from other studies of Cascadia Margin sediments. Furthermore, ANME-2/SRB aggregates, which have been previously demonstrated to contribute to AOM [27] , have been observed in nearby Hydrate Ridge sediments [12, 64] . The presence of AOM and ANME-2/SRB is consistent with the extensive precipitation of 13 C-depleted authigenic carbonates, which are widespread in the Cascadia Margin [14, 36, 65] .
Alternatively, the MA related clones obtained from these samples may have methanogenic physiology. Several well-represented clone groups (e.g. 660mArE9, Iv.4.Ar4, V.8.ArD4) are closely related to previously cultivated methanogenic Archaea, which, in the laboratory, produce methane. It is possible that both AOM and methanogenesis occur in the same environments, separated either temporally or physically (e.g. due to microvariation in the local environment). Such a possibility seems to be supported by environmental genomic work which shows genome fragments associated with methanogens co-occurring with archaeal anaerobic methane oxidizers [26] . The presence of these groups in widely different samples implies their dominance throughout the area. The pockmark was depleted in methane approximately three orders of magnitude relative to the mat sample; nevertheless, both contained similar phylotypes. The presence of these phylotypes in different samples may be an indication of the large influence that methane flux has played in determining the composition of these communities.
This study supports previous studies showing that Methanosarcinales (especially Methanosaeta spp. and ANME-2) and ANME-1 are important in methanedominated systems.
